Objective. To investigate whether short-term, systemic depletion of macrophages can mitigate osteoarthritis (OA) following injury in the setting of obesity.
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Objective. To investigate whether short-term, systemic depletion of macrophages can mitigate osteoarthritis (OA) following injury in the setting of obesity.
Methods. CSF-1R-GFP1 macrophage Fas-induced apoptosis (MaFIA)-transgenic mice that allow conditional depletion of macrophages were placed on a high-fat diet and underwent surgery to induce knee OA. A small molecule (AP20187) was administrated to deplete macrophages in MaFIA mice. The effects of macrophage depletion on acute joint inflammation, OA severity, and arthritic bone changes were evaluated using histology and microcomputed tomography. Immunohistochemical analysis was performed to identify various immune cells. The levels of serum and synovial fluid cytokines were also measured.
Results. Macrophage-depleted mice had significantly fewer M1 and M2 macrophages in the surgically operated joints relative to controls and exhibited decreased osteophyte formation immediately following depletion. Surprisingly, macrophage depletion did not attenuate the severity of OA in obese mice; instead, it induced systemic inflammation and led to a massive infiltration of CD31 T cells and particularly neutrophils, but not B cells, into the injured joints.
Macrophage-depleted mice also demonstrated a markedly increased number of proinflammatory cytokines including granulocyte colony-stimulating factor, interleukin-1b (IL-1b), IL-6, IL-8, and tumor necrosis factor in both serum and joint synovial fluid, although the mice showed a trend toward decreased levels of insulin and leptin in serum after macrophage depletion.
Conclusion. Our findings indicate that macrophages are vital for modulating homeostasis of immune cells in the setting of obesity and suggest that more targeted approaches of depleting specific macrophage subtypes may be necessary to mitigate inflammation and OA in the setting of obesity.
Macrophages are an integral part of the innate immune system. Currently, at least 2 categories of macrophages (M1 and M2) have been identified, although it is now believed that there is a spectrum of macrophage phenotypes. M1 macrophages (previously referred to as classically activated macrophages) express high levels of the M1 genes, including inducible nitric oxide synthase 2 (iNOS2), and secrete proinflammatory cytokines such as tumor necrosis factor (TNF) and interleukin-1 (IL-1) (1), while M2 macrophages, i.e., alternatively activated macrophages, express CD206 and are responsible for releasing antiinflammatory cytokines such as IL-10 (2).
In addition to defending the host against pathogens via their phagocytic ability, macrophages play a central role in metabolic homeostasis by regulating insulin sensitivity. Indeed, it has been proposed that during infection, proinflammatory cytokines secreted from M1 macrophages help tissue develop transient insulin resistance, conserving most glucose for immune cells in order to combat microbes (3) . However, although this mechanism is an important adaptive trait for mammals, it could be detrimental to surrounding host tissue if macrophages remain in the prolonged inflammatory phase. For example, excess energy intake from a high-fat diet and its associated obesity often lead to increased cell stress, lipolysis, and apoptosis of adipocytes in fat tissue, along with increased macrophage infiltration (4, 5) . Fatty acids released from adipocytes along with dietary fatty acids lead to a phenotypic switch of macrophages toward the M1 proinflammatory pathway (6) . Additionally, TNF secreted by M1 macrophages can further induce insulin resistance and lipolysis of adipocytes. Such interactions between adipocytes and M1 macrophages constitute a vicious circle, perpetuating chronic systemic inflammation that contributes to metabolic disease in obese individuals (7) . A recent animal study showed that conditional depletion of macrophages using clodronate decreased insulin resistance in obese mice, indicating the role of macrophages in the metabolic syndrome (8) .
Macrophages may also play a role in the progression of osteoarthritis (OA). OA is a disease of the entire joint, involving degradation of articular cartilage, synovitis, and subchondral bone changes. Recent accumulating evidence suggests that, in addition to altered joint loading, inflammation also contributes significantly to OA, particularly in the setting of obesity (9, 10) . For example, we previously demonstrated that obese mice fed high-fat diets rich in proinflammatory saturated fatty acid and omega-6 fatty acids showed significantly more severe OA and macrophage infiltration in the joint synovium after meniscal injury compared to obese mice fed high-fat diets rich in antiinflammatory omega-3 fatty acids (11) . In certain mouse models such as the MRL/MpJ "superhealer" mouse, rapid resolution of macrophage infiltration following joint injury has been associated with reduced inflammation as well as OA severity (12) . It has also been shown that systemic depletion of macrophages decreases joint swelling in a collagen-induced arthritis model (13) . Recently, several studies have greatly enhanced our understanding of the significance of macrophages in OA progression, but most of them used lean models, i.e., animals that received a standard chow (14) (15) (16) . Therefore, little is known about whether macrophages in the joints of obese individuals play a catabolic role in OA similar to that in lean subjects. In this study, we examined the hypothesis that transient systemic depletion of macrophages can mitigate obesity-associated OA.
MATERIALS AND METHODS
Mice. All procedures were approved by the Duke University Institutional Animal Care and Use Committee. Male transgenic macrophage Fas-induced apoptosis (MaFIA) mice (C57BL/6-Tg[Csf1r-EGFP-NGFR/ FKBP1A/TNFRSF6]2Bck/J; stock no. 005070) were purchased from The Jackson Laboratory. The MaFIA mouse model was developed by Burnett et al (17) by placing the genes encoding enhanced green fluorescent protein (eGFP) and mutant human FK-506 binding protein (FKBP)-Fas suicide construct under the macrophage-specific mouse colony-stimulating factor 1 receptor (CSF1R) promoter. Thus, macrophages in MaFIA mice can be conditionally driven into an apoptotic pathway through administration of the AP20187 molecule (Clontech), an otherwise inert dimerizing reagent that initiates apoptosis in macrophages by binding to mutant human FKBP. Furthermore, these macrophages also express eGFP, providing significant advantages in visualization and quantification of macrophages in MaFIA mice. Beginning at 4 weeks of age, all MaFIA mice were fed a custom-designed high-fat diet (omega-6:omega-3 ratio 20.3:1) (Research Diets; D11120107). The study design is shown in Figure 1A .
Body composition. The body fat content and bone mineral density (BMD) of the mice were measured at 9 weeks and 23 weeks of age, using a dual x-ray absorptiometry (DXA) scanner (Lunar Piximus).
OA induction and macrophage depletion. At 13 weeks of age, all MaFIA mice underwent destabilization of the medial meniscus (DMM) surgery to induce knee OA in the left hind limb, as previously described (18) . During surgery, the infrapatellar fat pad was bluntly dissected to reveal the meniscus but was not removed, because it has been reported that joint fat pad may also play a significant role in inflammation (19, 20) . Immediately following DMM surgery, MaFIA mice were treated with either AP20187 solution consisting of 4% ethanol, 10% polyethylene glycol 400, and 1.7% Tween 20 in water (10 mg/kg) to systemically ablate macrophages, or with vehicle control solution (17) . One week after surgery, mice either underwent a second depletion procedure or received vehicle, as appropriate. The MaFIA mice subjected to DMM surgery without macrophage depletion were used as a control group throughout the current study. To determine the effect of macrophage depletion on acute joint inflammation, some mice were killed the day after the second depletion procedure (this time point was designated "0 weeks postdepletion"). To evaluate the effects of macrophage depletion on OA development, mice were killed at 23 weeks of age (this time point was designated "9 weeks postdepletion").
Macrophage quantification. After the mice were killed, epididymal fat and both right and left joint capsules were harvested, minced, and digested at 378C with 0.2% type II collagenase (Worthington) for 1 hour. The percentage of macrophages was determined by quantifying eGFP1 cells using flow cytometry.
Assessment of OA, synovitis, and osteophytes. Joint sections were stained with hematoxylin, fast green, and Safranin O to determine the severity of OA and osteophytes. For assessment of the severity of synovitis, sections were stained with hematoxylin and eosin to reveal infiltrated cells and synovial structure. Three independent graders scored (in a blinded manner) joint sections for OA severity using a modified Mankin scoring system and for synovitis using a previously established protocol (21) . For histologic analysis of osteophytes, osteophytes in the joint were graded using Safranin Ofast green-stained joint sections visualized on slides under high-power field (2003) , and graded using a grading scale based on methods described by van der Kraan and van den Berg, with slight modifications (11, 22) . Scores for the whole joints were averaged among graders.
Micro-computed tomography (micro-CT) of bone. Bone architecture and mineral density of the joint were analyzed as previously described (21) . Briefly, both hind limbs were scanned using a micro-CT system (SkyScan 1176; Bruker). A hydroxyapatite calibration phantom was used to calibrate bone density values (mg/cm 3 ). Bone morphometric parameters were measured in the distal femoral condyles, the tibial epiphysis immediately distal to the subchondral bone, and the tibial metaphysis in the joint. Parameters reported for the femoral condyles were BMD (mg/cm 3 ) and cancellous bone fraction (bone volume/total volume [BV/TV], excluding the cortex), while parameters reported for the tibial epiphysis and metaphysis were BMD and BV (mm 3 ). Unless otherwise indicated, to determine how treatment, DMM surgery, and their interaction (surgery 3 treatment) affected bone remodeling, bone parameters for unoperated and operated joints were analyzed by two-way repeated-measures analysis of variance.
Immunohistochemical analysis. DMM-operated joints from each group were immunohistochemically stained for assessment of murine macrophages (F4/80; Serotec), M1 macrophages (NOS2) and M2 macrophages (CD206), neutrophils (elastase), T cells (CD3, a pan T cell marker), and B cells (CD22, a pan B cell marker) (Abcam).
Cytokine analyses. Concentrations of both leptin and insulin in serum samples were measured using a Mouse Metabolic Assay (Merck Sharp & Dohme).
The levels of IL-27 and TGFb1 in serum were measured using mouse TGFb1 (BioLegend) and an IL-27 enzymelinked immunosorbent assay (ELISA) kit (R&D Systems). Concentrations of proinflammatory cytokines in synovial fluid were quantified using a Multiplex sandwich ELISA (Mouse Proinflammatory Panel 1 V-PLEX kit), and IL-17 was measured using a singleplex ELISA (Merck Sharp & Dohme).
Statistical analysis. Statistical analyses were performed using IBM SPSS software. Significance was reported at the 95% confidence level.
RESULTS
Temporary decrease in body weight of macrophagedepleted mice. Upon macrophage depletion, obese MaFIA mice experienced significantly greater weight Figure 1 . A, Study design. Top, To evaluate the effect of macrophage (MF) depletion on acute joint inflammation, 5 mice were killed at 14 weeks of age, immediately after the second macrophage depletion treatment (0 weeks postdepletion). Bottom, To investigate the effect of macrophage depletion on the development of osteoarthritis (OA), 12 mice were killed at 23 weeks of age (9 weeks postdepletion). B, Body weight of the control (mice without macrophage depletion) and macrophage-depleted mice over time. The macrophage-depleted mice showed a significant decrease in body weight at the time of depletion (arrows), but their body weight gradually recovered after the depletion treatments. * 5 P , 0.05 versus control, by one-way analysis of variance. C, Effect of macrophage depletion on epididymal fat as a percent of body mass. Macrophagedepleted mice showed a trend toward a decrease in the percent body epididymal fat at 0 weeks. D, Effect of macrophage depletion on spleen weight as a percent of body mass. Macrophage depletion significantly increased the percent body spleen weight at 0 weeks postdepletion. * 5 P , 0.05 versus control, by Student's t-test. Values are the mean 6 SEM (n 5 4-12 mice per group). DXA 5 dual x-ray absorptiometry; DMM 5 destabilization of the medial meniscus. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley. com/doi/10.1002/art.40161/abstract. loss compared to control mice ( Figure 1B) . However, during the 4 weeks after the depletion treatments, the weight of the macrophage-depleted mice gradually recovered, reaching weights similar to those of controls. Furthermore, macrophage-depleted mice showed a trend toward a decreasing percent epididymal body fat ( Figure 1C ), but the percent spleen weight at the time of depletion was significantly increased ( Figure 1D ). There was no significant difference in the percent whole body fat or body BMD, as evaluated by DXA scanning, between macrophage-depleted and control mice at 9 weeks and 23 weeks of age (see Supplementary Figure 1 , available on the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.1002/art.40161/ abstract).
Macrophage depletion transiently decreased the number of macrophages in visceral fat and DMMoperated joints as compared with control joints. Our depletion strategy significantly decreased the percentage of macrophages (eGFP1 cells) in the MaFIA mouse model in DMM-operated joint capsules ( Figure 2A ) and epididymal fat (see Supplementary Figure 2 , available on the Arthritis & Rheumatology web site at http:// onlinelibrary.wiley.com/doi/10.1002/art.40161/abstract) at the time of the depletion. At 9 weeks postdepletion, however, the percentage of eGFP1 cells in all tissues analyzed was comparable in the control and macrophage-depleted mice. Immunohistochemical staining against F4/80, a marker for the general macrophage population in mice, further confirmed that significantly fewer macrophages were present in the DMM-operated joints relative to the unoperated joints of control mice ( Figure 2B ). Moreover, control mice showed a trend toward having more NOS21 cells (M1 macrophages) in the DMM-operated joints compared to the macrophage-depleted mice at 0 weeks postdepletion. However, macrophage-depleted mice also exhibited significantly fewer CD2061 cells (M2 macrophages) in the DMM-operated joints compared to Macrophage depletion alters bone parameters at the time of ablation. Compared with control mice, macrophage-depleted mice had less osteophytosis at the end of depletion treatment 8 days after undergoing DMM, but macrophage-depleted mice and control mice had similar degrees of osteophytosis at 9 weeks postdepletion ( Figures 3A and B) . Furthermore, the micro-CT analyses showed that macrophage-depleted mice had lower BMD and BV/TV of the femoral condyle and tibial epiphysis compared to control mice at 0 weeks postdepletion (Figures 3C and D) . There were no significant differences in BMD and BV/TV between Figure 4 . A, Left, Safranin O-fast green-stained sections of DMM-operated joints. Severe cartilage loss was observed in the control and macrophage-depleted mice at 9 weeks postdepletion. Right, Total Mankin scores for the unoperated and DMM-operated joints of control and macrophage-depleted mice. Scores for the DMM-operated joints of the macrophage-depleted mice were not significantly different from those for the DMM-operated joints of the control mice at 9 weeks postdepletion. B, Left, Hematoxylin and eosin-stained sections of the medial femoral condyle of the DMM-operated joints. Arrowheads indicate massive infiltration of cells. Right, Total joint synovitis scores for the unoperated and DMM-operated joints of control and macrophage-depleted mice. Scores for the DMM-operated joints of macrophage-depleted mice were significantly higher than those for the DMM-operated joints of control mice at 9 weeks postdepletion. C, Representative images showing immunohistochemical staining for CD221 B cells, CD31 T cells, and neutrophils in the synovium of the femoral condyle of the DMM-operated joints. Arrowheads indicate positive staining. D, Quantification of CD221 B cells, CD31 T cells, and neutrophils in the synovium of the entire DMM-operated joint of control and macrophage-depleted mice. Macrophage-depleted mice exhibited significantly more CD31 T cells in the DMM-operated joints compared with the DMM-operated joints of control mice at both time points. At 0 weeks, the DMM-operated joints of the macrophage-depleted mice also had significantly more neutrophils than DMM-operated joints of the control mice. However, the number of CD221 B cells was comparable in the DMM-operated joints of control and macrophage-depleted mice. Values are the mean 6 SEM (n 5 5-12 mice per group in A and B; n 5 4-10 mice per group in C and D). Different letters (a and b) indicate significant differences from each other, at P , 0.05 by two-way repeated-measures analysis of variance (A and B) and by two-way analysis of variance followed by Fisher's post hoc analysis (C and D). * 5 P , 0.05 (A and B). See Figure 3 for definitions.
CONDITIONAL MACROPHAGE DEPLETION IN MaFIA-TRANSGENIC MICEthe control and macrophage-depleted mice at 9 weeks postdepletion, although a trend toward a lower BMD of the femoral condyle was observed in the macrophagedepleted mice.
Effect of macrophage depletion on OA and synovitis. The DMM-operated joints of all mice had significantly higher OA scores compared to their own contralateral unoperated joints only at 9 weeks postdepletion. Macrophage depletion in obese mice did not mitigate the severity of OA at any time point studied ( Figure 4A ) (for individual components of the modified Mankin OA score, see Supplementary Figure 5 , available on the Arthritis & Rheumatology web site at http:// onlinelibrary.wiley.com/doi/10.1002/art.40161/abstract). At both 0 weeks and 9 weeks postdepletion, the operated joints of all mice had more severe synovial inflammation relative to the unoperated joints ( Figure 4B ). Individual components of the synovitis score are shown in Supplementary Figure 6 , available on the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/ doi/10.1002/art.40161/abstract). Surprisingly, synovitis was significantly more severe in the operated joints of macrophage-depleted mice compared to that in the operated joints of control mice at 9 weeks postdepletion. Given that the number of macrophages was lower in the synovium of the macrophage-depleted DMM-operated joint (see Figures 2A and B) , this result implies a potential regulatory role for macrophages, and suggests that cells other than macrophages may infiltrate into DMMoperated joints, leading to more severe synovitis.
Significantly increased numbers of neutrophils and CD31 T cells after macrophage depletion. No difference in the number of CD221 B cells in the DMMoperated joints between the control and macrophagedepleted mice was observed at any time point studied (Figures 4C and D) . Interestingly, macrophage-depleted mice showed significantly increased infiltration of CD31 T cells (greater than 5-fold) at both time points studied. Figure 5 . Cytokine levels in serum from control mice without macrophage (MF) depletion and macrophage-depleted mice. Significantly lower levels of transforming growth factor b1 (TGFb1) (A) and higher levels of granulocyte colony-stimulating factor (G-CSF) (B), interleukin-1b (IL1b) (D), IL-6 (E), IL-8 (F), IL-10 (G), and tumor necrosis factor (TNF) (I) in macrophage-depleted mice compared to control mice at 0 weeks postdepletion were observed. Levels of interferon-g (IFNg) (C) in control and macrophage-depleted mice were comparable at both time points, and levels of IL-27 (H) were significantly higher in macrophage-depleted mice compared with that in control mice at both time points. Values are the mean 6 SEM (n 5 5-12 mice per group). Different letters (a, b, and c) indicate significant differences from each other, at P , 0.05 by two-way analysis of variance followed by Fisher's post hoc analysis. * 5 P , 0.05.
The DMM-operated joints of macrophage-depleted mice also exhibited more neutrophils (;8-fold increase) relative to the number in DMM-operated joints of control mice immediately following depletion (see Supplementary Figures 7, 8 , and 9 for enlarged images of immunohistochemical staining against CD221 B cells, CD31 T cells, and neutrophils).
Trend toward decreased levels of insulin and leptin in serum, but significantly increased levels of inflammatory cytokines in serum, at the time of macrophage depletion. The macrophage-depleted mice showed a trend toward having lower levels of insulin and leptin in serum relative to the control mice immediately after depletion (see Supplementary Figures 10A and  B , available on the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.1002/art.40161/abstract). However, regardless of whether or not the mice received depletion treatment, mice at 9 weeks postdepletion had significantly higher levels of insulin and leptin in serum compared with mice at 0 weeks postdepletion. Macrophage depletion significantly decreased TGFb1 concentrations in the serum of macrophage-depleted mice immediately following depletion ( Figure 5A ). Surprisingly, macrophage-depleted mice had significantly elevated concentrations of granulocyte CSF (G-CSF), IL1b, IL-6, IL-8, IL-10, IL-27, and TNF in serum compared with the concentrations in control mice at 0 weeks postdepletion (Figures 5B-I) . The levels of IL-8 and IL-27 in the macrophage-depleted mice demonstrated a sustained elevation compared to the levels in control mice ( Figures 5F and H) . No significant difference between macrophage-depleted and control mice in the interferon-g concentration in serum at both time points studied was observed ( Figure 5C ).
Macrophage depletion increases inflammatory cytokine levels in synovial fluid from the DMMoperated joint. Macrophage-depleted mice showed a trend toward increased IL-1b and IL-6 levels in synovial Figure 6 . Cytokine levels in synovial fluid from the unoperated (right) and destabilization of the medial meniscus (DMM)-operated (left) joints of control mice without macrophage depletion and macrophage-depleted mice. A trend toward increased levels of IL-1b (A) and IL-6 (B) in the DMM-operated joints of macrophage-depleted mice compared to the levels in the DMM-operated joints of control mice at 0 weeks postdepletion was observed. Levels of IL-8 (C), IL-10 (D), and TNF (F) were significantly higher in the DMM-operated joints of macrophage-depleted mice compared to the levels in the DMM-operated joints of control mice at 0 weeks postdepletion. E, DMM surgery decreased IL-17 concentrations in the DMM-operated joint compared to the levels in the unoperated joint in both control and macrophage-depleted mice at 0 weeks postdepletion. In the figures in which bars are not shown, the cytokine measured was below detectable levels. Values are the mean 6 SEM (n 5 5-12 mice per group). * 5 P , 0.05 by two-way analysis of variance followed by Fisher's post hoc analysis. See Figure 5 for other definitions.
fluid from the DMM-operated joint relative to the levels in synovial fluid from the DMM-operated joints of control mice at 0 weeks postdepletion ( Figures 6A and B) . The macrophage-depleted mice also demonstrated significantly higher concentrations of IL-8, IL-10, and TNF in synovial fluid from the DMM-operated joint compared to the concentrations of those cytokines in the DMM-operated joints of control mice at the time of depletion (Figures 6C, D, and F) . Furthermore, only the macrophage-depleted mice had detectable levels of IL-6, IL-8, and IL-10 in synovial fluid from the unoperated right joints at the time of ablation. Interestingly, DMM surgery significantly decreased the IL-17 concentration in the operated joint compared to that in the unoperated joint in both control and macrophage-depleted mice at 0 weeks postdepletion ( Figure 6E ).
DISCUSSION
Our findings indicate that transient, systemic depletion of macrophages in obese MaFIA mice did not prevent OA development following joint injury. Although obese macrophage-depleted mice showed significantly fewer M1 and M2 macrophages in the joints that underwent DMM relative to controls, these animals exhibited increased joint synovitis, with massive infiltration of neutrophils and CD31 T cells postdepletion. Macrophage-depleted mice also demonstrated markedly increased concentrations of proinflammatory cytokines including G-CSF, IL-1b, IL-6, IL-8, IL-27, and TNF in the serum and synovial fluid of joints subjected to DMM, particularly immediately following depletion. Overall, these results suggest that macrophages play a complex immunomodulatory role in inflammation and injury-induced OA in the context of diet-induced obesity.
Although mild cartilage fibrillation is generally not observed until 2 weeks after DMM surgery in lean mice, we observed that obese mice receiving DMM surgery already demonstrated deep cartilage clefts and a much more rapid progression of OA as early as 1 week after surgery (23, 24) . This result provides further evidence that diet-induced obesity accelerates the rate of OA development in humans and animals (25) (26) (27) (28) . However, despite the fact that osteophytosis, a clinical hallmark of OA, was less severe in the MaFIA mice immediately after depletion, these obese mice still developed osteophyte scores comparable to those of the control mice at 9 weeks postdepletion. Decreased osteophyte formation in the macrophage-depleted mice at the time of treatment may be related to low levels of TGFb1 in serum, because it has been shown that macrophages are one of the main sources of this growth factor (15) . According to studies conducted by Burnett et al, macrophages repopulate ;5 days after AP20187 administration (29) . Therefore, it is possible that repopulated macrophages in the joints still contributed to the formation of osteophytes at 9 weeks postdepletion. We also observed that macrophagedepleted mice had decreased BMD and BV/TV in their joints compared to control mice immediately after depletion. This finding is consistent with those from several previous studies showing that the ablation of osteal tissue macrophages led to impaired osteoblast differentiation and mineralization (30, 31) .
To our surprise, macrophage depletion not only failed to decrease the severity of OA but rather exacerbated synovitis and intensified inflammatory cytokine production in the macrophage-depleted mice. The finding that the number of macrophages was lower in the synovium of the macrophage-depleted joint implies that cells other than macrophages invaded into the DMMoperated joints of the macrophage-depleted mice. Immunohistochemical analysis of various immune cells revealed that CD31 T cells, particularly neutrophils but not CD221 B cells, massively infiltrated into the operated joints of the macrophage-depleted mice. This finding suggests that despite their recognized proinflammatory role, macrophages are vital in regulating the homeostasis of immune cells in the joint following injury. Indeed, 2 recent studies using distinct transgenic mouse models capable of macrophage depletion support our observation. Gordy et al reported that lean mice lacking macrophages in the marginal zone of the spleen exhibited significantly increased numbers of neutrophils in circulating blood (32) . Similarly, Lee et al (33) observed that macrophage depletion up-regulated Ly-6G expression, a specific marker for neutrophils, in a variety of tissues (33) . Both reports described the occurrence of neutrophilia and a systemic inflammatory response following macrophage depletion.
Therefore, it is possible that accumulated neutrophils in macrophage-depleted mice are the main source of inflammatory cytokines in synovial fluid, because neutrophils are capable of secreting IL-1, IL-6, and TNF. In addition, neutrophils can also produce IL-8, a potent chemokine for granulocytes, recruiting more neutrophils to sites of inflammation (34) (35) (36) . Although IL-10, an antiinflammatory molecule, was also shown to be up-regulated in synovial fluid in our model, its concentration may not be sufficient to counteract the catabolic effects of proinflammatory cytokines on the joint due to its relatively low quantities compared to IL-1b (;10-fold less). In addition, TNF levels were also increased nearly 3-fold in DMM-operated joints immediately following macrophage depletion. Interestingly, the level of IL-17 in synovial fluid in the DMMoperated joints of both groups of mice decreased to below detectable levels after DMM surgery, suggesting that this reduction may be associated with injury. However, the question of whether this down-regulation was the result of injury-related cytokines modulating IL-17-producing cells, such as Th17 cells, requires further investigation. Overall, macrophage depletion in obese MaFIA mice appears to shift the synovial inflammatory response from macrophage-associated to neutrophildependent, providing a potential mechanism of OA induction in obese macrophage-deficient mice.
De Munter et al previously reported that in addition to their potential role in modulating immune cells, joint synovial macrophages can uptake oxidized lowdensity lipoproteins (ox-LDL), inducing anabolic processes by producing TGFb (37) . More recently, the same group of investigators further reported that in lean mice in which synovial macrophages were depleted, ox-LDL induced catabolic processes including increased production of proinflammatory mediators as well as increased infiltration of monocytes and neutrophils into the joint synovium (38) . These results indicate that synovial macrophages can be protective against ox-LDL-induced inflammation. In the current study, mice were fed a proinflammatory high-fat diet with a high omega-6:omega-3 fatty acid ratio, likely leading to increased systemic LDL levels and metabolic syndrome in these animals. Thus, our observation of increased joint inflammation following macrophage depletion may be partly attributed to potential excess ox-LDL levels in synovial fluid.
Another important finding in this study is that there was a sustained systemic increase in IL-27 production in the macrophage-depleted mice. The overproduction of IL-27 in our model appears to be associated with the presence of neutrophilia in macrophage-depleted mice as IL-27 is among the diverse array of secreted factors from neutrophils (39) . IL-27 possesses both antiinflammatory and proinflammatory properties (40) . For instance, treatment with IL-27 ameliorates Th17 celldependent rheumatoid arthritis (41, 42) . In contrast, IL-27 has been shown to promote naive T cell differentiation into Th1 cells that have a prominent role in development of Th1 cell-dependent experimental arthritis (43) . Recent studies further demonstrated that IL-27 facilitates a subset of Treg cells to produce 45) . The pleiotropic functions of IL-27 may provide a potential explanation for increased T cell numbers and IL-10 production in the synovial fluid of the DMMoperated limbs of macrophage-depleted mice.
In the current study, we observed that along with having temporarily reduced insulin and leptin levels, obese MaFIA mice lost ;30% of their body weight upon macrophage depletion, which is 13% more than that reported when lean MaFIA mice were used (17) . A recent study showed that adipose tissue increased lipolysis in the absence of adipose tissue macrophages, suggesting a central role of macrophages in lipid tracking (46) . It is possible that upon macrophage depletion, adipocytes lost regulatory signaling from adipose tissue macrophages and rapidly released large amounts of lipid content, leading to a dramatic weight loss in the obese MaFIA mice used in our study. On the contrary, in the lean MaFIA mouse model used by Burnett and colleagues, the effect of macrophage depletion on body mass was likely to be less profound, potentially due to the lower amount of lipid stored in adipocytes (17) . Another possible explanation for the substantial weight loss may be caused by hypothalamic inflammation following macrophage depletion, as it has been reported that the mice that underwent macrophage ablation showed elevated levels of inflammatory cytokines in the hypothalamus, leading to reduced food intake (33) . Our results provide further evidence that macrophages are essential to maintaining energy metabolism.
Conversely, some studies have shown that macrophage ablation in mice did not elicit inflammatory responses. Using CD11c-diphtheria toxin (DTR)-transgenic mice, Patsouris et al depleted CD11c1 (another common marker for M1 macrophages) cells by administrating DTR without inducing severe neutrophilia (47) . The discrepancy between these findings and ours may depend on whether neutrophils were depleted along with macrophages. In our MaFIA mice, CSFR1, the promoter specific for only myeloid cells, was used to express the Fas-FKBP protein that can drive macrophages into the apoptotic pathway upon AP20187 delivery. It has been suggested that granulocytes such as neutrophils may have lower expression of Fas-FKBP protein levels compared to macrophages (48) and thus were not significantly depleted in the CSFR1-transgenic system. In contrast, a previous study demonstrated that neutrophils may give rise to a hybrid neutrophil-dendritic cell population that coexpresses CD11c and Ly-6G (49) . Furthermore, it has been reported that neutrophils express CD11c in humans (50) . Therefore, a subset of neutrophils may likely be removed simultaneously with macrophages in the CD11c-DTR system. Nonetheless, the current study has limitations. First, it is unclear whether sustained expression of IL-27 in serum at the later time point is the result of the combined secretion of granulocytes and regenerated macrophages, or whether it is solely due to an excess number of neutrophils. Moreover, antiinflammatory M2 macrophages were also depleted in our MaFIA mouse model, leading to consistently fewer M2 macrophages in the DMM-operated joint synovium of the macrophagedepleted mice. Thus, the question of whether the disrupted cross-talk between M2 macrophages and neutrophils has a role in increased synovitis in the macrophagedepleted mice remains unexplored. Detailed longitudinal studies following general macrophage depletion, and the specific depletion of different macrophage phenotypes such as depleting only M1 or M2 macrophages, may provide answers to these questions.
In summary, contrary to our hypothesis, we observed that short-term, systemic macrophage depletion did not mitigate cartilage degeneration following injury in obese mice; instead, it enhanced joint synovitis by increasing the infiltration of CD31 T cells and neutrophils into the operated joint. These findings emphasize the important regulatory role that macrophages have in modulating the responses of other inflammatory cells and have significant implications for the potential clinical application of macrophage depletion as therapy for patients with inflammatory conditions, such as obese patients with arthritis.
